Many receptors that activate cells of the immune system are multisubunit membrane protein complexes in which ligand recognition and signaling functions are contributed by separate protein modules. Receptors and signaling subunits assemble through contacts among basic and acidic residues in their transmembrane domains to form the functional complexes. Here we report the nuclear magnetic resonance (NMR) structure of the membrane-embedded, heterotrimeric assembly formed by association of the DAP12 signaling module with the natural killer (NK) cell-activating receptor NKG2C. The main intramembrane contact site is formed by a complex electrostatic network involving five hydrophilic transmembrane residues. Functional mutagenesis demonstrated that similar polar intramembrane motifs are also important for assembly of the NK cell-activating NKG2D-DAP10 complex and the T cell antigen receptor (TCR)-invariant signaling protein CD3 complex. This structural motif therefore lies at the core of the molecular organization of many activating immunoreceptors.
A r t i c l e s
Most activating immunoreceptors are composed of multiple singlepass transmembrane proteins that assemble in the endoplasmic reticulum to form functional complexes that are then exported to the cell surface. Ligand-binding and signal-transducing functions are contributed by separate protein modules that couple a broad array of ligand specificities to common intracellular signaling pathways 1 , most of which use the well-studied cytoplasmic immunoreceptor tyrosine-based activation motifs (ITAMs) 2 . The mechanisms used to link extracellular ligand binding to the phosphorylation of intracellular signaling domains for this class of modular immunoreceptors remain largely unknown. The lack of structural information about the membrane-embedded portions, which are the main points of physical contact between receptors and signaling modules, represents a considerable challenge to the development of comprehensive mechanistic models. The ITAM-bearing CD3δε, CD3γε and ζζ signaling modules assemble with the T cell antigen receptor (TCR) in a process that requires a pair of acidic transmembrane residues in each signaling dimer but only a single basic transmembrane residue in the receptor [3] [4] [5] . Other activating immunoreceptors have similar requirements for assembly 1 , including the Fc receptor for immunoglobulin A 6, 7 , the natural killer cell (NK cell)-activating receptor complex of DAP10 (A000749) and NKG2D (A001666) 8, 9 , and more than a dozen different receptors expressed in lymphoid and myeloid cells that associate with the ITAM-bearing signaling dimer DAP12 (A000750; also called KARAP) 10, 11 . Published mutagenesis studies have suggested that the key intramembrane contacts are mediated not by simple one-to-one, charge-paired salt bridges but by a considerably more complex electrostatic network 3, 6, 8, 12 . Those studies demonstrated that two acidic residues in the dimeric signaling modules are absolutely required for effective assembly with receptors through a single basic transmembrane residue. Those stoichiometric data therefore highlighted the need for detailed structural and biochemical studies to show how these unusual polar interactions direct the intramembrane assembly of activating immunoreceptor complexes and how this fits with the present models of intact receptor complexes.
To gain structural insight into the assembled state of a representative immunoreceptor complex, we determined the solution nuclear magnetic resonance (NMR) structure of the heterotrimeric transmembrane complex formed by assembly of the DAP12 signaling module with the NK cell-activating receptor NKG2C (A001665) 13 . NKG2C forms a heterodimer with the C-type lectin CD94 and recognizes the human nonclassical major histocompatibility complex class I molecule HLA-E 14 (Qa-1b in mice), delivering activating signals through the ITAM motifs in the DAP12 cytoplasmic tails 2 . Along with its inhibitory counterpart NKG2A, the DAP12-NKG2C-CD94 complex is thought to have an important role in maintaining the balance of positive and negative signals that govern NK cell tolerance and responsiveness 15 . NKG2C is also expressed by γδ T cells and a subset of CD8 + T cells and may therefore have a further role in non-NK cellmediated immunity. We found that the heterotrimeric structure of the transmembrane portion of DAP12 (DAP12 TM ) assembled with the transmembrane portion of NKG2C (NKG2C TM ) had an unexpectedly complex electrostatic network at the core of the assembly. This network was composed of a pair of aspartic acid residues in the DAP12 dimer interface and two adjacent threonine residues that functioned together to guide association with a basic lysine residue in the receptor transmembrane domain. Analysis of sequence alignments and functional mutagenesis in an in vitro assembly assay demonstrated 1 0 2 4 VOLUME 11 NUMBER 11 NOVEMBER 2010 nature immunology A r t i c l e s that this particular electrostatic network also lies at the core of the NK cell-activating NKG2D-DAP10 complex 8, 9 and of the critically important TCR-CD3 complex. This arrangement may therefore constitute a shared structural element that guides the assembly of many immunoreceptor complexes. The DAP12-NKG2C trimeric structure reported here provides an illustration of how intramembrane protein interactions can determine the molecular architecture of a multisubunit transmembrane receptor.
RESULTS
Covalently stabilized transmembrane peptide complexes for NMR Establishing a system that would allow us to obtain a structure of an assembled DAP12-receptor complex presented considerable technical challenges. Receptors that associate with DAP12 are both type I membrane proteins (amino terminus extracellular) and type II membrane proteins (amino terminus cytosolic) 1, 16 that adopt either parallel or antiparallel orientations relative to DAP12, and both orientations are probably possible when free peptides are combined in detergent micelles. Furthermore, titration of free peptide onto DAP12 TM dimer would produce a mixture of assembled and unassembled peptides, introducing an additional level of complexity. We focused our efforts on the transmembrane sequence of the type II NKG2C protein 13 because its antiparallel orientation relative to DAP12 afforded us the opportunity to engineer a covalently stabilized, stoichiometric threetransmembrane peptide complex (Fig. 1a) . CD94 does not participate in intramembrane assembly, and transmembrane-derived peptides are sufficient for stable association of NKG2C with DAP12 (ref. 6). We therefore constructed a covalent trimeric complex by fusion of NKG2C TM to the carboxy-terminal end of one DAP12 TM strand through an optimized flexible linker sequence ( Supplementary  Fig. 1 ) and covalent capture of the second DAP12 strand through a native disulfide bond in the amino-terminal extracellular stalk region. In the pure disulfide-linked DAP12 TM -DAP12 TM -NKG2C TM trimeric peptide product, the transmembrane domain of NKG2C would be expected to assemble with DAP12 by folding back along the helix dimer in its natural antiparallel orientation (Fig. 1a, right) .
A key feature of our design was that the two DAP12 TM segments in the trimer, which were identical in sequence and thus indistinguishable by NMR in a uniformly labeled sample, were produced from separate fusion proteins and could therefore be independently labeled with different stable-isotope mixtures (Fig. 1b,c) . We collected transverse relaxation-optimized 17 DAP12  DAP12 TM   D12 TM  D12 TM   2C TM   D12 TM  D12 TM  D12 TM D12 TM   2C TM   NKG2C TM   N   G7   C   C   N   N   C   C   N   N   Linked trimer   C   C   N   G11   G31  G15   F29   L25  V27 V14   V4  I23   A10  Y28  L19  L22   V18   L30   T20   L9   V13   R32   F29  A36   A26   I41   A24   A48  D16 A10  V45   V21  S5   L39   L60  E61   I57   L9   L33  R32   L56   V55   T20   F29  L25   L19  L9  L22   V4   V21  V13   S5   Y28   A10   A26  I12 A24   L17   L33   V8   R32   D16   V27  T3   V18  L30  123   F59   E37  L30   K52   V27   T49  S43   T20  T53   L25   T35   I54   V13  V47  V38  L22   V14   L19  T3 I42 I23 V18  V4  L51   Y28   L46  V50   I12   Q62 I44  V8   N63   L17   V8  K38   K36  S5   K34   K40   D39  I12   A24  V21  D37  D35  D33  L17  D16   A26   R32*   G7  G11   G34   G40   G31   G15 coherence (tr-HSQC) spectra for two trimer samples that were identical in amino acid sequence but labeled with 15 N exclusively on the DAP12 TM -only strand (Fig. 1b) or the DAP12 TM -NKG2C TM strand (Fig. 1c) . The decrease in spectroscopic complexity achieved with this segmental labeling strategy was critical for the unambiguous assignment of backbone and side-chain proton resonances. We also produced a DAP12 TM peptide homodimer alone (tr-HSQC; Fig. 1d ) using methods similar to those described before for structural studies of the transmembrane portion of the TCR-associated ζζ transmembrane dimer 18 to allow separate NMR analysis and structural comparisons with the trimer. For structure determination, we constructed a panel of segmentally labeled trimer samples to assign backbone and side-chain proton resonances and collect nuclear Overhauser enhancement (NOE)-based distance restraints on the two segments separately, and we then combined the restraints for determination of the intact structures.
Structure of the DAP12 TM -DAP12 TM -NKG2C TM complex As predicted, the NKG2C TM sequence adopted a helical conformation and packed in an antiparallel orientation along the lateral surface of the DAP12 TM -DAP12 TM dimer ( Fig. 2a and Supplementary  Fig. 2a ; structure statistics, Table 1 ). The DAP12 TM -DAP12 TM interface was approximately symmetrical and placed two polar residues, Asp16 and Thr20, near the interface (Fig. 2a) . Little surface complementarity existed between NKG2C TM and the DAP12 TM -DAP12 TM dimer, although the interface extended along the entire length of the receptor transmembrane helix and constituted a total contact surface area of 537 ± 21 Å 2 . This is consistent with the ability of DAP12 to assemble with many different receptor transmembrane domain sequences. A broad and shallow groove formed by the dimer interface accommodated the receptor transmembrane helix, and the side chains of Tyr28 and Phe29 from DAP12 TM created an aromatic base that further restrained the position of the cytosolic end of the NKG2C TM helix. It has been shown that substitution of the transmembrane aspartic acid residue in DAP12 with alanine causes a profound defect in assembly with NKG2C and other receptors 6, 12, 13 . Unexpectedly, we found that substitution of the threonine residue at position 20 with alanine caused a similar defect in assembly of the full-length proteins in an in vitro translation-based assembly assay 3 (Fig. 2b, T20A ) even though the critical aspartic acid residues remained unchanged. In contrast, the simultaneous substitution of three glycine residues that form two tandem glycophorin A-like GXXXG motifs (where 'X' is any amino acid) [19] [20] [21] with bulkier residues in DAP12 caused no measurable defects in assembly (Fig. 2b, 3GL and 3GF), which effectively ruled out the possibility of a role for this common helix association motif in the assembly of DAP12-NKG2C. The receptor transmembrane helix packs loosely into the space created by the small Thr20 and Ala24 side chains, and substitution of the alanine at position 24 with phenylalanine indeed caused appreciably less receptor assembly due to steric incompatibility ( Fig. 2b, A24F) . Notably, these features represent the general requirements for the assembly of DAP12 with many different receptors, as the same substitutions produced similar effects on assembly with KIR2DS3, a type I receptor of the immunoglobulin superfamily 22 ( Fig. 2c ) and with versions of both of these receptors in which all transmembrane residues except the critical lysine residue were replaced with leucine 12 (data not shown). 
A r t i c l e s
Structural comparison of DAP12 TM and ζζ TM homodimers We separately determined the structure of a DAP12 TM -DAP12 TM homodimer without a receptor for comparison with the trimeric complex and the published ζζ TM structure 18 . This structure had a packing arrangement similar to that in the trimer (main features, Fig. 2d,e) . Favorable van der Waals contacts at positions Leu9, Ile12-Val13 and Leu19-Thr20 accounted for most of the buried surface area in the amino-terminal portion of the dimer interface, and the helices diverged slightly below Leu19-Thr20. The total contact area at the dimer interface was 440±9 Å 2 . Notably, substitution of the threonine at position 20 with alanine had no adverse effect on the formation of the DAP12 dimer (Fig. 2f, T20A) ; together with the disruptive effects of this substitution on assembly with receptor transmembrane domains, this suggests that Thr20 has a direct role in the polar interaction with lysine in the trimeric DAP12-receptor assembly. We aligned the native DAP12 TM and NKG2C TM sequences (in their natural antiparallel orientation) for clarification (Fig. 2g) .
A methionine at position 14 in the DAP12 TM sequence that was replaced with valine to avoid secondary cleavage during cyanogen bromide treatment is located distant from the dimer and trimer interfaces, and this substitution had no measurable effect on assembly in vitro (data not shown). DAP12 and ζζ show little amino acid sequence homology and associate with nonoverlapping sets of activating receptors 1 , yet they activate the same ITAM-dependent signaling pathways 2 and follow similar rules for association with their respective receptor partners. Despite the apparent biochemical similarities in assembly, the di-aspartate site of DAP12 TM was unique in several ways (Fig. 3a,b) . First, it was situated in a position in the membrane distinct from its position in ζζ TM . Second, the aspartic acid side chains adopted different conformations in the two structures. Third, a hydroxyl-bearing side chain, in addition to the aspartic acid, seemed to be involved in the contact of DAP12 TM with the receptor. A notable feature of the ζζ TM -ζζ TM homodimer structure is that one or more water molecules are near the aspartic acid side chains 18 , and we have proposed that water contributes to the hydrogen-bonding network that stabilizes the acidic groups in the interface 18 . The Thr20 hydroxyl in DAP12 TM was oriented toward the aspartic acid side chain one turn above (Fig. 3c) so that it was able to form a hydrogen bond with one of the carboxyl oxygens (and possibly backbone carbonyl oxygen) of Asp16 and may therefore have a role similar to that of water in the ζζ TM structure. We cannot, however, rule out the possibility of the presence of water in the DAP12 TM interface, because the Thr20 hydroxyl proton has a chemical shift very similar to that of water.
Structure and conservation at the assembly site The structure of the critical contact site in the trimer (Fig. 4) suggested the mechanism by which Thr20 participates in receptor assembly. This side-chain hydroxyl is ideally positioned to stabilize Asp16 in the +60° rotamer through intrahelical hydrogen bonds (Fig. 4) , and in some conformations the lysine side chain may directly contact Thr20 through an additional interhelical hydrogen bond. In addition to being highly conserved in vertebrate DAP12 sequences (Fig. 5a) , a conserved hydroxyl-bearing side chain is also present at position +4 (relative to the aspartic acid) in the NK cell signaling module DAP10 (Fig. 5b) and in the CD3δ and CD3ε chains associated with the TCR (Fig. 5c) . Substitution of the serine residue at this position in DAP10 resulted in more than 60% less assembly with the NK cell-activating receptor NKG2D (Fig. 5d) , which suggested an arrangement similar to that observed in the assembly of DAP12 with NKG2C. Furthermore, replacement of threonine with alanine in transmembrane domain of either CD3δ or CD3ε caused considerable defects in the assembly of TCRα-CD3δ-CD3ε, and the double-mutant CD3δ-CD3ε dimer had almost no detectable propensity to assemble with TCRα (Fig. 5e) . Notably, CD3γ has a glutamic acid in place of aspartic acid and does not have a threonine at position +4 but instead has a serine at position +3 (Fig. 5c ). As noted in published studies 3 , the association of TCRβ with CD3γ-CD3ε was also weaker than the association of TCRα with CD3δ-CD3ε (Fig. 5e,f) . Despite those differences, the assembly of TCRβ-CD3γ-CD3ε was similarly sensitive to substitutions of the hydroxyl-bearing residues in the transmembrane domain of either CD3ε or CD3γ (Fig. 5f ), which confirmed a role for these side chains in both TCR-CD3 trimeric complexes. These data indicate that many important immunoreceptors assemble around this polar five-amino acid transmembrane motif, which suggests the possibility that electrostatic networks similar to the one reported here for the DAP12-NKG2C trimer are relevant for many immunoreceptor complexes (Fig. 6) .
DISCUSSION
The genetically dissociated ligand-binding and signal-transducing modules of most activating immunoreceptors assemble through polar contacts among their transmembrane α-helices 1, 4 . We sought to understand how the particular arrangement of one basic residue and two acidic residues creates a stable and specific contact site deep in the lipid bilayer that directs the assembly of many important receptor complexes. DAP12 is a particularly interesting example because the structure it forms must support stable association with many different transmembrane sequences that have only a single lysine residue in common [10] [11] [12] . These receptors represent both type I and type II membrane proteins, which associate in parallel or antiparallel orientations relative to the transmembrane helices of DAP12. The structures presented here have shown how the DAP12 transmembrane sequence creates both a specific homodimer interface that supports the proper arrangement of polar residues for receptor binding and a composite surface that enables stable association of receptor transmembrane helices in a manner that is largely indifferent to amino acid sequence context. The finding that conserved glycophorin A-like GXXXG motifs in the transmembrane domains of DAP12 did not participate in intracomplex helix packing was unexpected. This sequence forms the core of a highly stable transmembrane helix interface in the native, noncovalent glycophorin A dimer 19, 20 , and similar configurations have been observed in many helical membrane proteins 23, 24 and model peptides generated semi-randomly 21 . However, our structures and in vitro assembly data demonstrated that all glycine residues in the DAP12 dimer interface were outside the surfaces that mediated helix-helix contact in the trimeric complex. Given the frequency with which this motif is observed at helix-helix interfaces 21, 24 , it is possible that these sequences participate in other transmembrane interactions that contribute to receptor function. Our structures therefore provide a guide for future mutagenesis studies testing the hypothesis that immunoreceptor activation involves structural rearrangements transmitted through the transmembrane domains. 
In vitro analysis of the effect of substitution of alanine for serine or threonine in the transmembrane domains on the assembly of DAP10 with NKG2D (d), TCRα with CD3δ-CD3ε (e) or TCRβ with CD3γ-CD3ε (f), assessed as described above (Fig. 2) , with monoclonal antibody to hemagglutinin (DAP10; d) or to CD3 (UCH-T1; e,f) used for immunoprecipitation. 
A r t i c l e s
Aside from substitution of the critical aspartic acid residues, the most striking effect of DAP12 TM substitution on receptor assembly was that assembly was diminished by 70% or more when the threonine at position 20 was replaced with alanine. Thr20 does not contribute hydrogen bonds across the DAP12 TM dimer interface, and published studies have established that the properly placed receptor transmembrane lysine is necessary and sufficient for assembly with DAP12 (ref. 12). Thus, Thr20 does not require contacts with NKG2C TM sequences other than the lysine side chain, and other receptors show the same sensitivity to substitutions at this site. These results indicate a role for Thr20 in the lysine-aspartic acid interaction. On the basis of the structure of this region in both the dimer and trimer, we propose that the role of Thr20 could be to stabilize the Asp16 side chain in a position that favors contact with the lysine amino group. In the trimer, the degree of conformational variability observed in the bundle of low-energy structures also leaves open the possibility that the lysine head group accesses Thr20 directly, and these possibilities are not mutually exclusive. Inspection of other signaling module transmembrane sequences showed that the DXXXT/S motif (where 'T/S' indicates threonine or serine) in DAP12 was also conserved in DAP10, CD3δ and CD3ε, which suggested that this extended polar network is an important element in all of these assemblies. Indeed, a serine-to-alanine substitution in DAP10 resulted in a defect in its assembly with NKG2D similar to that observed for DAP12-NKG2C. Analysis of TCR-CD3 interactions demonstrated that removal of even a single hydroxyl was sufficient to disrupt the interactions on both sides of the CD3δ-CD3ε-TCRα-TCRβ-CD3γ-CD3ε hexameric complex. On the basis of the DAP12 TM -DAP12 TM -NKG2C TM structure as a model of TCR-CD3 assembly, we propose that placement of the serine residue in the CD3γ transmembrane domain at position +3 instead of position +4 could position this residue within the trimeric interface, where it may participate more directly in the Asp-Thr-Lys interaction. However, experimental confirmation of this model will require further structural analysis. Consistent with the similarity of the requirements for intramembrane assembly of all of these transmembrane domains, both NKG2C and NKG2D transmembrane peptides can assemble with CD3 heterodimers in vitro. However, this is prevented in the full-length receptor proteins because of steric incompatibility of the ectodomains 12 . All human DAP12-associating receptors have lysine residues in their transmembrane domains, whereas the DAP10-associated NKG2D has arginine at the analogous position, and exchanging these basic residues is not well tolerated 12 . Together these features provide a high degree of selectivity for the assembly of NKG2C with DAP12 rather than with DAP10 or other signaling modules.
Biochemical studies of intramembrane receptor assembly have consistently shown that only one receptor transmembrane domain associates with a dimeric signaling module, yet there is a strict requirement for two transmembrane aspartic acid residues in dimeric signaling modules for the formation of the assemblycompetent state 3, 6, 8, 12, 18 . Although our structures showed that only one of the two aspartic acid residues in the DAP12 TM dimer interface was in a position to directly contact the receptor lysine, we conclude that all five polar residues must be considered members of a continuous electrostatic network that forms the core of the trimolecular transmembrane helix assembly. As shown by our mutagenesis analyses, this network is profoundly altered by substitution of even one carboxylate or one hydroxyl group. The addition of the basic group after assembly with a receptor transmembrane domain may cause an asymmetric redistribution of electronegativity on the two faces of the signaling dimer, which could explain why receptor assembly on one side renders the opposing face unable to bind a second receptor transmembrane domain. An example of such an effect can be found in the catalytic dyad of the aspartyl protease of human immunodeficiency virus type 1, in which two chemically identical active-site aspartic acid residues (one from each monomer at the homodimer interface) have different apparent acid dissociation constant values of approximately 3 and 6 (ref. 25) . In this example, the distribution of electronegativity in one acidic group is altered by a change in the ionization state of a nearby group, and such effects could be even more important in the absence of bulk water and competing ions in the lipid bilayer interior 26 . DAP12 associates with more than a dozen different receptors in cells of the human lymphoid and myeloid lineages and almost two dozen receptors in mice 16 , and our data suggest that most if not all DAP12-associated receptors use similar structural features for assembly. Given the biochemical evidence demonstrating that TCR-CD3 and NKG2D-DAP10 also assemble with similar transmembrane sequence motifs, the structure of the membrane-embedded DAP12-NKG2C trimolecular complex reported here may provide an instructive model for many intramembrane-assembling receptors.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/. Figure 6 Proposed model for intramembrane immunoreceptor complex assembly. (a) Dimeric signaling modules (CD3, DAP10 or DAP12; green coils) exist as metastable intermediates in the endoplasmic reticulum membrane, whereas newly synthesized receptor subunits (orange coils) are either incorporated into complexes or rapidly degraded 4, 27 . The electrostatic network in the signaling dimer (red shading) shows a symmetrical electron distribution and may have multiple opportunities to assemble with basic residues (blue shading) from receptor subunits. K(R), lysine or arginine; T(S), threonine or serine. (b) Once a receptor subunit has associated with an available binding site, an asymmetric redistribution of electronegativity in the network (color gradients) may render the opposite side of the signaling module unable to bind a second receptor. This trimeric assembly therefore represents the fundamental structural unit that organizes immunoreceptor complexes. (c) In a step that is either subsequent to or simultaneous and cooperative with that in b, receptors that form dimers (such as TCR, NKG2D and the mouse Ly49 family) combine two or more trimeric units to form the final complex. The relative orientation of the individual trimeric units cannot be determined from structural or biochemical data available at present. 
ONLINE METHODS
Production and purification of linked transmembrane peptide complexes. Transmembrane peptides were produced as fusions to the carboxyl terminus of the 14-kilodalton trpLE sequence derived from the Escherichia coli tryptophan operon leader region, which directs fusion proteins to inclusion bodies and carries a carboxy-terminal unique methionine residue for cleavage mediated by cyanogen bromide. Peptide sequences fused to trpLE for this study were as follows: DAP12 TM (33 amino acids), CSTVSPGVLAGIVVGDLVLTVLIA LAVYFLGRL; DAP12 TM DKDKDKDK (40 amino acids), CSTVSPGVLAG IVVGDLVLTVLIALAVYFLGRDKDKDKDK; and DAP12 TM -NKG2C TM (63 amino acids), CSTVSPGVLAGIVVGDLVLTVLIALAVYFLGRLGTA EVLGIISIVLVATVLKTIVLIPFLEQN. In these, predicted transmembrane domains are underlined; non-native sequences are in bold and served the following purposes: V indicates the position of a native methionine replaced with valine to avoid secondary cyanogen bromide cleavage of the fusion protein; DKDKDKDK was added to increase hydrophilicity and facilitate purification by high-performance liquid chromatography (HPLC); G was added to connect DAP12 TM and NKG2C TM sequences through a short flexible linker. All transmembrane peptides were expressed as carboxy-terminal in-frame fusions to the trpLE sequence with an amino-terminal nine-histidine tag in the pMM-LR6 vector (a gift from S.C. Blacklow). Transformed E. coli strain BL21(DE3) cells were inoculated into 500 ml M9 minimal medium with Centrum multivitamins and stable isotope label(s) in 2.0-liter baffled flasks. Cultures were grown at 37 °C to an absorbance of ~0.6 at 600 nm and were cooled for 1 h to 18 °C before overnight induction at 18 °C with 100 μM isopropyl β-d-thiogalactopyranoside. Full deuteration of transmembrane peptides required growth in D 2 O with deuterated glucose (Cambridge Isotope Laboratories). Inclusion bodies were extracted from sonicated E. coli cell suspensions with 6 M guanidine HCl, 50 mM Tris, pH 8.0, 200 mM NaCl, 1% (vol/vol) Triton X-100 and 5 mM β-mercaptoethanol. For creation of the DAP12 TM homodimer, the cleared inclusion-body lysate was batch-bound overnight to His-Select nickel affinity gel (Sigma-Aldrich) and was washed with a urea solution (8 M) containing 5 mM β-mercaptoethanol. The column was then washed with a urea solution containing 20 μM CuSO 4 and 2 mM oxidized glutathione, which was subsequently washed out with water before elution in 70% (vol/vol) formic acid. Digest with cyanogen bromide in 70% (vol/vol) formic acid (1 h under argon; 0.1 g/ml) liberated the DAP12 TM peptides from the trpLE fusion partners. The digest was dialyzed in water, lyophilized and loaded onto a ZORBAX SB-C3 column (Agilent) in 100% (vol/vol) formic acid. Fragments were separated on a gradient of 40% acetonitrile (0.1% (vol/vol) trifluoroacetic acid) to 75% (vol/vol) isopropanol-25% (vol/vol) acetonitrile (0.1% (vol/vol) trifluoroacetic acid), and the peak representing the pure disulfide-linked DAP12 TM peptide dimer was identified by matrix-assisted laser desorption-ionization-time of flight mass spectrometry and SDS-PAGE analysis. A similar strategy was used to generate the heterotrimeric peptide complex: trpLE-DAP12 TM and trpLE-DAP12 TM -NKG2C TM fusion proteins from separate cultures were combined and crosslinked on the nickel-affinity matrix as described above. An extra ZORBAX SB-C3 HPLC separation step was then done to isolate the disulfidelinked fusion heterodimer before treatment with cyanogen bromide in 70% (vol/vol) formic acid. The covalently linked transmembrane trimer product was purified in a final HPLC step, as described above, and was identified by mass spectrometry and SDS-PAGE analysis. For dimeric and trimeric mixed-label 15 N-NOE spectroscopy (NOESY) samples (dimer and trimer), inclusion-body lysates from two separate E. coli expression and labeling cultures were mixed such that the nondeuterated, 13 C-labeled fusion was in two-to fourfold excess relative to the 15 N-, 2 H-labeled fusion, and this mixture was subjected to the nickel-column purification and oxidative crosslinking protocol described above. NMR spectroscopy. The triple resonances experiments used for backbone assignment were all transverse relaxation optimized (tr), including three-dimensional tr-HNCA, tr-HN(CO)CA, tr-HNCACB and tr-HN(CO)CACB 28, 29 . These experiments used dimer and trimer samples labeled with 15 N, 13 C or and 85% 2 H at a 1 H frequency of 600 MHz at 30 °C. Three-dimensional 15 N-selected NOESY-tr-HSQC experiments were used for the collection of most distance restraints; because of the relatively large size of the protein-micelle complex, relaxation-optimized NOESY-tr-HSQC yielded substantially better sensitivity than the regular NOESY-HSQC did, even for nondeuterated protein. The 13 C-selected NOESY experiments are threedimensional 13 C-selected NOESY-HSQC. With the residue-specific chemical shifts of backbone amide protons ( 1 H N ) and 15 N nuclei, the 15 N-selected NOESY-tr-HSQC (mixing time, 80 ms) of samples containing uniform 15 N-, 13 C-labeled protein and deuterated tetradecylphosphocholine were used for correlation of the backbone amide and side-chain aliphatic and aromatic 1 H resonances. The structured regions are almost all α-helical, as indicated by chemical shifts of 13 C α and 13 C β (where the superscripted α and β indicate carbon positions of amino acid side chains), analyzed with TALOS software (for the prediction of polypeptide secondary structure from 13 C shifts) 30 and the characteristic local NOE patterns of α-helix, and assignment of intraresidue and sequential NOEs in the 15 N-selected NOESY spectrum was straightforward. With the same approach, the assigned chemical shifts of aliphatic and amide protons were then used to assign the methyl 1 H and 13 C resonances, which are mostly resolved in a two-deimensional 1 H-13 C HSQC spectrum recorded with a constant-time 13 C evolution of 56 ms (Supplementary Fig. 3 ). This was accomplished with three-dimensional 13 C-selected NOESY-HSQC, recorded with 150 ms of mixing time and 56 ms of constant-time 13 C evolution of the same samples with deuterated detergent. Specific stereo assignment of the γ-13 C of valine and δ-13 C of leucine were obtained from a 10% 13 C-labeled protein sample by recording a 1 H-13 C HSQC with 28 ms of constant-time 13 C evolution as described 31 . For dimer and trimer samples in which the NMR readout strand could be labeled with 15 N and perdeuterated, a standard threedimensional 15 N-selected NOESY-tr-HSQC was used for measurement of interstrand NOEs between backbone amide and side-chain aliphatic or aromatic protons (sample NOESY strips, Supplementary Fig. 2b) . However, the single DAP12 TM helix of the DAP12 TM -DAP12 TM -NKG2C TM trimer could not be perdeuterated; the best deuteration achievable at the methyl positions was ~75%. For detection of exclusively interhelical NOEs between DAP12 TM backbone amide protons and DAP12 TM -NKG2C TM side-chain methyl protons, the three-dimensional ( 1 H-13 C HMQC)-NOESY-( 1 H-15 N tr-HSQC) experiment was used because this experiment selectively detects NOEs between protons attached to 13 C and protons attached to 15 N. In this experiment, the t 1 , t 2 and t 3 dimensions are labeled with 1 H (methyl), 15 N and 1 H N frequency, respectively, and thus there are no diagonal peaks (sample NOESY strips, Supplementary Fig. 2d ).
NMR data analysis. The NMRPipe software system 32 and CARA (computeraided resonance assignment) software 33 were used for data processing and spectra analyses. TALOS 30 was used for the prediction of backbone dihedral angles from characteristic chemical shifts.
Structure calculation. The structure-determination program XPLOR-NIH 34 was used for structure calculation. A standard simulated annealing protocol 35 was run to satisfy all NMR-derived restraints. During the annealing run, the bath was cooled from 1,000 K to 20 K with a temperature step of 20 K, and 6.7 ps of Verlet dynamics at each temperature step, with a time step of 3 fs. The NOE restraints were enforced by flat-well harmonic potentials, with the force constant ramped from 25 to 50 kcal/mol Å −2 during annealing. Hydrogen bond restraints of 2 and 3 Å (O-H N and O-N, respectively) were enforced for helical regions (indicated by local NOEs and 13 C α and 13 C β chemical shift), with flat-well (±0.1 Å) harmonic potentials and a force constant ramped from 25 to 50 kcal/mol Å −2 . Also, for defined helical regions, backbone torsion angle restraints (φ = −60, &mm.psi; = −40) were applied, all with a flat-well (±10°) harmonic potential with force constant ramped from 15 to 30 kcal/mol rad −2 . Other force constants used for NMR structure calculation were as follows (arrows indicate increasing force constant values over the given range): van der Waals force constant (K vdw ) = 0.02 → 4.0 kcal/mol Å −2 , improper force constant (K impr ) = 0.1 → 1.0 kcal/mol degree −2 and bond angle force constant (K bond angle ) = 0.4 → 1.0 kcal/mol degree −2 . For both dimer and trimer, a total of 75 structures were calculated with this protocol. From these structures, the 15 structures with lowest energy were chosen to represent the structural diversity of the NMR structures.
In vitro transcription, translation and assembly reactions. Full-length human DAP12, DAP10, NKG2C, NKG2D, A6 TCRα, A6 TCRβ, CD3γ, CD3δ and CD3ε and the mutant sequences were cloned into a modified pSP64 vector for in vitro translation with carboxy-terminal peptide affinity tags as described 3 . In vitro transcription was done from linearized cDNA constructs using a T7 RiboMax Large Scale RNA Production kit and methyl-7 G cap analog (Promega), and capped, polyadenylated mRNAs were purified with the RNeasy kit from Qiagen. Each 25-μl translation reaction contained 17.5 μl nuclease-treated rabbit reticulocyte lysate (Promega), 0.5 μl amino acid mixture without methionine or cysteine (Promega), 0.5 μl SUPERase-In RNase Inhibitor (Ambion), 1 μl each of 35 S-labeled methionine and cysteine (Perkin Elmer), mRNA and 2.0 μl endoplasmic reticulum microsomes from a mouse hybridoma (IVD12) isolated as described 3 . All in vitro translation and assembly reactions were done at 30 °C. An initial translation period of 20 min under reducing conditions was followed by a 1-to 2-hour assembly period with addition of oxidized glutathione to 4 mM. Reaction volumes were 25 or 50 μl as required for optimal signal.
Immunoprecipitation, electrophoretic analysis and densitometry. The following monoclonal antibodies to epitope tags were used for immunoprecipitation procedures: high-affinity, agarose-coupled anti-hemagglutinin (rat monoclonal antibody 3F10; Roche) and agarose-coupled anti-CD3ε (mouse monoclonal antibody UCH-T1; Santa Cruz). Translation and assembly reactions were stopped with 1 ml ice-cold 10 mM iodoacetamide in PBS, and microsomes were pelleted (10 min at 20,000g and 4 °C) and rinsed. Membrane pellets were extracted for 30 min at 4 °C with rotation in 400 μl
